Abstract. All 37 fetuses of 3 laparotomized pregnant sows at 86, 92, and 93 days of gestation were inoculated intramuscularly through the uterine wall with porcine circovirus type 2 (PCV-2). The sows were allowed to farrow, and blood and tissue samples were collected from their piglets before and after suckling colostrum. Thirteen fetuses from 2 sows at 90 and 103 days of gestation were used as controls. Of the 37 PCV-2 inoculated fetuses, 24 were grossly normal and 13 were mummified, stillborn, or weak-born at farrowing. Infection with PCV-2 was demonstrated in various tissues of grossly normal and abnormal fetuses by virus isolation, polymerase chain reaction, and immunohistochemical methods. Antibodies specific to PCV-2 were also detected from the sera or thoracic fluids of abnormal fetuses and unsuckled normal pigs. No evidence of PCV-2 infection was found in any control fetuses. The present results confirm previous findings that PCV-2 can infect late-term swine fetuses and may cause reproductive abnormalities.
Porcine circovirus (PCV) was originally identified as a noncytopathic contaminant in a porcine kidney cell line. 14 Subsequently, an antigenically and genetically novel PCV has been implicated as the cause of a new disease syndrome Received for publication October 11, 2001. called postweaning multisystemic wasting syndrome (PMWS). [2] [3] [4] [5] 10 The cell culture contaminant PCV and novel PCV are now named PCV type 1 (PCV-1) and PCV type 2 (PCV-2), respectively. 9 Both PCV-1 and -2 have been detected in cases of reproductive failure. Porcine circovirus type 1 has been isolated from the sera and spleen of stillborn pigs collected from field cases. 1 Several reports have identified PCV-2 by a polymerase chain reaction (PCR) method or virus isolation and detected PCV-2 antigen in association with microscopic lesions in grossly abnormal swine fetuses. 7, 11, 16 In addition, PCV-2specific antibody has been detected in dead pigs obtained from a case of reproductive failure, suggesting the pigs were infected transplacentally with PCV-2. 7 These field reports indicate that PCV-2 infection is associated with reproductive failure in swine. Furthermore, a recent report in Europe showed that PCV-2 could replicate in the swine fetuses and cause gross abnormalities after fetal inoculation. 13 Gross abnormalities were observed only in the fetuses inoculated at 57 days of gestation and not in the fetuses inoculated at 75 or 92 days of gestation. Therefore, the primary purpose of this experiment was to determine whether PCV-2 could infect and cause pathologic changes in late-term swine fetuses. Five PCV-2 seropositive sows between 86 and 93 days of gestation were used for this study. The sows were purchased from a farm free of porcine reproductive and respiratory syndrome virus (PRRSV). For fetal inoculation, each sow was anesthetized, and laparotomies were performed. The individual fetuses in each uterine horn were located. All 37 fetuses of sows 1, 2, and 3 at 86, 92, and 93 days of gestation, respectively, were inoculated intramuscularly through the uterine wall with 1 ml of PCV-2 (ISUVDL 98-15237, 10 4.0 TCID 50 /ml). Nine fetuses of sow C1 at 87 days of gestation were inoculated similarly with minimum essential medium (MEM) and served as sham-inoculated controls. Four uninoculated fetuses of sow C2 at 90 days of gestation were euthanized at the time of laparotomy and also used as controls. After inoculation, the uterus was returned to the peritoneal cavity, and the sows were allowed to farrow naturally. At farrowing, blood was collected from all of the pigs before suckling colostrum, and at least 1 piglet from each litter was euthanized. The remaining pigs were euthanized at different days of age, and blood and tissue samples of lung, liver, kidney, lymph nodes, small intestine, heart, and spleen were collected. Crown-rump (CR) lengths 8 of mummified and stillborn pigs were measured to estimate their approximate time of death.
A porcine kidney cell line (PK-15) free of PCV-1, PCV-2, and porcine parvovirus (PPV) was used for virus isolation and serology. The cell line was maintained in a growth medium containing MEM, supplemented with 8% fetal calf serum, 0.15% sodium bicarbonate, and antibiotics. The PCV-2 (ISUVDL 98-15237) used was a field isolate from a pig in Iowa that was diagnosed with PMWS and confirmed to be free of adventitious agents. 12 Additionally, a PCV-1 from the contaminated PK-15 cell line (ATCC-CCL 33) and the MN-1b strain of PRRSV 17 were used for serology.
Virus isolation was performed as described previously. 12 In brief, the supernatant of each tissue sample was inoculated onto 1-day old PK-15 cell monolayers and adsorbed for 1 hour at 37 C. The inoculum was removed, and the monolayers were washed once with phosphate buffered saline (PBS, pH 7.2). The plate was then treated with D-glucosamine as described previously. 15 After glucosamine treatment, the cells were incubated for 72 hours in growth medium. The cell monolayers were further passed into a 96well microplate. After incubation overnight, the monolayers were treated with glucosamine and incubated for 48 hours in growth medium. The monolayers were then fixed with a 10% acetone in ethanol solution. An immunoperoxidase monolayer assay (IPMA) was performed to detect virus-infected cells as described below using one of the fetal sera from sow 2 that was antibody positive to PCV-2 only. To detect PCV-2 antigen in the fetal tissue samples, some of the paraffin blocks of formalin-fixed tissues were submitted to the Iowa State Veterinary Diagnostic Laboratory for an immunohistochemical examination. Immunohistochemical identification of PCV-2 in tissues was performed as described previously. 6 Rabbit anti-PCV-2 serum was used as the primary antibody. A PCR assay was used to detect PCV-2 DNA in tissues as described previously. 10 Viral DNA was extracted from tissue homogenates using a commercial tissue kit a as recommended by the manufacturer. The primers used were 2C16R (5Ј-ACCCCCGCCACCGCTACC-3Ј) and 1C478 (5Ј-CCGCGGGCTGGCTGAACTT-3Ј). For the PCR reaction, DNA extract was added to a PCR mixture with final concentrations of 1.25 mM MgCl 2 , 1 ϫ PCR buffer, 0.2 mM each dNTP, 1.00 M each primer and 2.5 U of Taq DNA polymerase per 50 l. Amplification of DNA was achieved by 35 cycles with the following parameters: denaturing at 94 C for 30 seconds, annealing at 63 C for 30 seconds, and elongating at 72 C for 60 seconds. The PCR was terminated with a final extension step at 72 C for 10 minute. The PCRamplified products were analyzed by gel electrophoresis, and samples containing PCV-2 DNA yielded a 1154-bp product.
An IPMA was performed to detect antibodies to PCV-1 and -2. The PK-15 cell monolayers infected with either PCV-1 or PCV-2 in 96-well mirotitration plates were prepared, and the plates were fixed with a 10% acetone in ethanol solution and stored at Ϫ20 C until used. Each test serum was serially diluted 4-fold in PBS, pH 7.2, transferred to the test plate and incubated at 37 C for 45 minutes. The plates were washed 3 times with PBS, and an antiswine IgG conjugated 
* LN ϭ lymph node; SB ϭ stillborn; WB ϭ weak-born; LB ϭ live-born; NT ϭ not tested.
† Low numbers of positive cells were detected by immunohistochemical staining or microscopic lesion was present.
‡ Sow 1 LB-1 and sow 2 LB-2 were examined at 12 and 17 days of age. with peroxidase b was added. After incubation for 45 minutes at 37 C, the plates were washed and added with a substrate solution containing 3-amino-9-ethylcarbazole and hydrogen peroxide. The plates were washed again, and antibody titers were determined as the highest dilution at which specific staining was microscopically observed. An indirect immunofluorescent antibody (IFA) method 17 was used to detect antibodies to PRRSV. A hemagglutination inhibition (HI) test to detect antibodies to PPV was carried out by the University of Minnesota Veterinary Diagnostic laboratory.
Farrowing results of each sow are summarized in Table 1 . Sow 1 farrowed 2 partially mummified (CR lengths 21 and 22 cm), 3 stillborn (CR lengths 26, 28, and 29 cm), 5 weakborn, and 2 healthy piglets. One of the weak-born pigs was euthanized at farrowing, and the other 4 died within 1 day postfarrowing (DPF). Sow 2 farrowed 2 stillborn (CR lengths 26 and 28 cm) and 13 normal piglets. Sow 3 gave birth to 1 stillborn and 9 normal piglets. Sow C1 aborted 16 days postinoculation with MEM, and sow C2 was euthanized at 90 days of gestation. The reason for the abortion was not known but postsurgical bacterial infection of the uterus was thought to be the cause.
No major gross lesions were found in the PCV-2 inoculated pigs, except for enlarged lymph nodes. Bronchial or mesenteric lymph nodes (or both) of weak-born pigs of sow 1 were enlarged up to 3 times. The results of immunohistochemical staining and microscopic lesions from 7 pigs of sows 1 and 2 are summarized in Table 2 . Low numbers of PCV-2 antigen-positive cells were detected in tissues of 1 stillborn (Fig. 1 ), 3 weak-born and 1 live-born piglets from sow 1 by immunohistochemical examination. Of the tissues examined, PCV-2 antigen was detected in 4 liver, 3 spleen, 3 lymph node, and 2 lung samples. From sow 1, mesenteric lymph nodes of a weak-born pig contained blast-lymphocytes and a few small foci of necrosis in the germinal centers. A live-born pig that was euthanized 12 DPF had small scattered foci of necrosis in its lymph nodes and spleen. The periarteriolar lymphoid sheaths in the spleen contained blastlymphocytes. This pig also had a mild interstitial pneumonia and scattered foci of coagulative necrosis without inflam- † Tissues were obtained separately from pigs at farrowing and different days of age, and pooled from mummified or control fetuses. Number of pigs from each sow at examination (age in days); sow 1-7(0), 3(1), 1(6), 1(12); sow 2-4(0), 2(9), 1(11), 1(14), 1(15), 1(17), 2(23), 3(34); sow 3-1(0), 1(7), 1(8), 1(13), 2(21), 3(32); sow C1-9 (103 days of gestation); sow C2-4 (90 days of gestation).
‡ Number of pigs PCV-2 positive/Number of samples from different pigs examined. mation within the liver. One pig from sow 2 that died 17 DPF had a lymphoplasmacytic myocarditis characterized by multifocal interstitial infiltrates of lymphocytes and plasma cells. The PCV-2 antigen and microscopic lesions were not detected from tissues submitted from other pigs.
Virus isolation and PCR results for different tissues from the fetuses are summarized in Table 3 . The results for some of the samples examined by PCR are also shown in Fig. 2 . Two or more tissues from all of the 12 pigs, including the 2 mummified fetuses from sow 1 were positive for PCV-2 by virus isolation or PCR (or both). One or more tissues from 10 of the 15 pigs of sow 2, including the 2 stillborns were also positive for PCV-2. Virus was not detected from the 5 pigs of sow 2, sacrificed at 23-34 DPF. Porcine circovirus type 2 was detected from 4 of 9 pigs from sow 3 but not from the 5 remaining pigs examined at 21-32 DPF. By virus isolation, PCV-2 was most consistently isolated from the spleen (32%, 11 of 34) and lymph nodes (31.3%, 10 of 34). The virus was also isolated from the lung (17.6%), liver (17.6%), and intestine (8.8%) but not from the kidneys. Of 28 lung and lymph node samples examined for PCV-2 by virus isolation and PCR, 15 samples were positive by both tests, 11 samples were positive by only PCR, and 2 samples were positive by virus isolation only. Porcine circovirus type 2 was not detected from the tissue pools of the 9 aborted fetuses from sow C1 and the 4 fetuses from sow C2.
At surgery and farrowing, all of the sows were seronegative for PRRSV but seropositive for PCV-1, PCV-2, and PPV. Serology results for the piglets at farrowing are shown in Table 4 . Before suckling colostrum, all of the piglets from sows 1 and 2 were seropositive for PCV-2 and seronegative for PRRSV, PPV, and PCV-1. The thoracic fluids of the 2 mummified fetuses of sow 1 had PCV-2 antibody titers of 1:16 and 1:64. All of the 9 piglets from sow 3 had suckled colostrum for at least 30 minutes and were seropositive for PCV-2. Seven of the 9 piglets were seronegative for PCV-1, PPV, and PRRSV. The remaining 2 pigs were seropositive for PCV-1 and PPV but seronegative for PRRSV. The fetuses of sow C1 and C2 were seronegative for PCV-1, PCV-2, PRRSV, and PPV.
The present results demonstrate that PCV-2 can infect late-term swine fetuses after in utero inoculation. Additionally, the presence of stillborns, mummies, and weak-born pigs suggests that PCV-2 may cause reproductive failure. Our results support recent field reports 7, 11, 16 in which PCV-2 has been associated with cases of reproductive failure. Although the pigs of sows 2 and 3 were successfully infected, significant reproductive failure was not observed. The differences in reproductive performance may be related to the different gestational ages of the fetuses at the time of inoculation and the total number of days each respective litter spent in utero after inoculation. Similar observations have been described by European researchers. 13 The 2 mummies from sow 1 had CR lengths of approximately 21-22 cm, which indicates that the fetuses died at approximately 90 days of gestation. This suggests that the fetuses died shortly after the time of inoculation. But PCV-2 was isolated from pooled tissues of each pig by both virus isolation and PCR techniques, and each fetus had detectable PCV-2 antibody. Therefore, the pigs must have been alive at the time of inoculation, and the CR length measurements may not represent actual age of the fetuses in this case. The relatively low PCV-2 antibody titers (1:16 to 1:64) also imply that the fetuses died shortly after inoculation. The CR lengths of the 3 stillborns (26-29 cm) from sow 1 indicate that the fetuses died shortly before parturition.
The results of the PCV-2 distribution in various tissues were similar except for heart, kidney, and brain tissues to those reported by the European researchers. 13 In their study, PCV-2 could be recovered from a wide range of the tissues of the fetuses inoculated at 57 days of gestation, but virus recovery was not possible from kidneys and brains of the fetuses at 92 days of gestation. This may be due to the presence of specific antibodies in the tissues. From such samples, virus detection by the PCR method appears to be better as shown in our results. Unfortunately, only a few heart samples were examined in this study for microscopic lesions, and none of them were processed for virus isolation or PCR assay.
In conclusion, the presence of PCV-2 antibody in pigs before suckling colostrum, the presence of PCV-2 specific antigen within different tissues by immunohistochemical staining, and the detection of PCV-2 by PCR and virus isolation confirmed that the pigs were successfully infected. The results of this study also suggest that PCV-2 may cause fetal death after an infection. Further studies should be conducted on naive pregnant sows to determine whether PCV-2 can cross the placenta and cause fetal deaths after inoculation by a natural route. 
Hepatic lipidosis in pregnant captive American bison (Bison bison)
Mitchell V. Palmer, Steve C. Olsen Abstract. Hepatic lipidosis, a hallmark lesion of lipid mobilization disorders in ruminants, was noted in four 3-year-old, pregnant bison (Bison bison) after periods of anorexia that progressed to recumbency and death. The affected bison were part of a herd at the National Animal Disease Center (NADC) that was used for brucellosis vaccine research. Microscopically, the liver contained swollen hepatocytes with numerous, variably sized, round, smoothly contoured vacuoles that displaced cytoplasmic structures. Hepatocytes in all zones of the lobule were affected equally. Hypoglycemia, decreased total carbon dioxide, elevated ␥-glutamyltransferase, elevated alkaline phosphatase, and increased nonesterified fatty acid levels were noted. As in the case of cattle, altered nutritional demands of late gestation combined with management factors such as obesity, nutrition, stress, and concomitant disease may be critical in the pathophysiology of lipid mobilization disorders in bison. Additionally, stressors unique to this research herd likely contributed to fatal hepatic lipidosis.
Hepatic lipidosis is a morphologic alteration characterized by excessive accumulation of lipid within hepatocytes. In cattle, miniature horses, donkeys, ponies, cats, and sheep, this condition develops in response to a negative energy balance (i.e., energy requirements are not matched by energy intake from feed). 2, 3, 6 The condition is uncommon in beef cows but common in dairy cattle with ''fatty liver syndrome'' or ''fat cow syndrome'' as a result of improper feeding during late lactation and the dry period. 5 The syndrome occurs particularly in high-yielding dairy cows when overfeeding during the dry period results in overfat cows at calving. A negative energy balance may result from parturition, high milk production, or anorexia from other disease states such as mastitis, displaced abomasum, and ketosis. As a result, excessive lipid is mobilized from body reservoirs, and fatty acids are transported to the liver, kidney, and muscle. The ability of the liver to process triglycerides for export as lipoproteins is limited; therefore, excess lipid is deposited as intracellular droplets of triglycerides.
Over a period of 13 months, four 3-year-old, pregnant bison (Bison bison) developed anorexia at 214-250 days (mean ϭ 226 days) of gestation (normal gestation, 275 days). The affected bison were part of a herd at the National Animal Disease Center (NADC), Ames, Iowa, that was used for brucellosis vaccine research. In 2 of the 4 cases, anorexia was accompanied by mucopurulent nasal discharge and an elevated respiratory rate. The third bison was lame from a recent pelvic fracture, and the fourth bison had no other clinical signs in addition to anorexia. In all cases the bison became progressively weaker as the duration of anorexia progressed. Within 2-10 days (mean ϭ 5 days) all the animals died or were euthanized by intravenous sodium pentobarbital because of the poor prognosis. Necropsy was conducted within 2 hours of death or euthanasia.
On postmortem examination all 4 bison had severely enlarged, pale yellow livers, with rounded edges and a greasy texture on the cut surface. Samples of liver floated in formalin. Bison with mucopurulent nasal discharge before death, as well as the bison that had not shown clinical signs other than anorexia, had moderate to severe, multifocal, necrosuppurative lesions (2-8 cm) within the right and left cranial lung lobes. The pleural surface of the affected lobes was covered with a fibrinopurulent exudate with multiple fibrinous adhesions to the costal pleura. Pleural fluid was turbid and malodorous, and contained fibrin strands. The lame bison had a traumatic separation of the left sacroiliac synchondrosis, with extensive hemorrhage and tearing within the surrounding musculature; urine was dark brown. All 4 bison were obese, with abundant perirenal and intra-abdominal fat, and were each carrying a single fetus with an average crown to rump length of 89 cm. Fetal development was normal for the stage of gestation, and no fetal lesions were seen. Samples of liver collected for light microscopic analysis were immersed in neutral buffered 10% formalin and processed routinely. Sections cut at 5 m were stained with hematoxylin and eosin (HE). Samples from 1 bison
